I
n Lubumbashi (Katangan copperbelt, DR Congo), atmospheric fallout from a copper smelter has contaminated soils with several trace metals (TMs) (e.g. up to 50000 mg kg-1 Cu). For large areas downwind of the smelter, the vegetation has been destroyed and replaced by bare soils (Munyemba 2010 , Mpundu 2010 . These areas are subject to active erosion by rainfall and wind, which further disseminates TMs, generating several environmental and human health hazards (Banza et al. 2009 ). Phytostabilization appears as a suitable technique to reclaim those bare soils through the restoration of a permanent vegetation cover. This, in turn, may reduce TMs dissemination in the environment, limit human exposure, and improve the landscape (Berti and Cunningham 2000, Pilon-Smits 2005) .
Toothbrush grass (Microchloa altera), a perennial bunch grass which grows only on metal enriched soils in SE Katanga (Duvigneaud and Denaeyer-De Smet 1963, Faucon et al. 2010) , has excellent potential for land reclamation and phytostabilization . It has excellent survival and growth on soil artificially contaminated with Cu at 2,500 mg kg-1 as CuSO4 and rapidly forms dense tufts with high stabilization potential. Experimental trials have used vegetatively propagated materials, however, large-scale implementation of phytostabilization using this species will obviously require organized seed production.
In natural populations of toothbrush grass from Katanga, spikelets are the dispersal unit and their dissemination occurs three times a year ( January-February, April-May, and July-August). Spikelets are 4-5.5 mm long and contain two florets, one hermaphrodite and one male. However, our preliminary observations showed that mature spikelets were often sterile (i.e. do not contain a caryopsis), a serious concern in the context of large scale seeding. In addition, we know nothing about their germination requirements. In this study, our objectives were: (i) to assess the proportion of spikelets containing a fully developed caryopsis in three populations considered as the potential seed providers around Lubumbashi and (ii) to assess their germination rates. We collected spikelets from three natural populations of toothbrush grass located in Lubumbashi (11°39'S, 27°28'E, annual rainfall: 1200 mm, dry season: April-October) in three contrasting edaphic conditions: 1) on mine deposits at 'Mine de l'Etoile'; 2) on soil contaminated by atmospheric fallout from Cu smelter at 'Gécamines/Penga Penga'; and 3) on slag from a processing plant near the Cu-smelter. Spikelets were collected in 2007 and 2008 on mature spikes during the three dispersal periods ( JanuaryFebruary, April-May and July-August).
In the first experiment, to assess the variation of the proportion of spikelets containing a fully developed caryopsis among the three populations, we established a collection in 2008 at the Agronomy Faculty of the University of Lubumbashi (normal soil contaminated by Cu at 500 mg kg-1 with CuSO4.5H20). Ten vigorous and visually healthy individuals were collected in each site. Each individual was divided into 20 transplants (clone) and planted the same day. The collection comprised of two blocks (3m × 38m) and each block contained three plots (3m × 10m). Each plot received individuals from the same site. Ten transplants of each individual were planted in each block as the clonal line of the individual. However, only 33% (203/600) of transplants had survived after the first year of transplantation. We collected spikelets in 2011 on all clonal lines (47) present in the collection.
In natural populations, we separated spikelets containing a fully developed caryopsis and empty spikelets based on their specific weight. This procedure is called 'spikelet concentration' in this study. Seven lots of spikelets were concentrated as follows: after separation from stalks, spikelets were sieved through a 2 mm mesh and finally spikelet concentration was performed using a ZigZag blower (Selecta Machinefabriek BV) at the ILVO (Merelbeke, Belgium). The proportion of heavy spikelets was calculated as the ratio of weight of heavy spikelets: weight of all spikelets. We manually counted the number of spikelets containing a caryopsis on 750 heavy spikelets and 750 from light spikelets (3 × 50 spikelets of five independent seed lots).
In the collection from the first experiment, we collected spikelets separately for each clonal line to assess variation. The separation of spikelets containing a caryopsis and empty spikelets was made manually. A total of 31,800 spikelets were examined. We calculated the proportion of spikelets as the ratio of spikelets filled with a caryopsis to the total number of spikelets.
After concentration, we tested spikelets containing a caryopsis for their germination rates. Concentrated spikelets from "Etoile" collected in April 2007 and stored for 1, 5, 10, 12, 15 and 24 months were used for germination tests on laboratory tables at room temperature (22-28°C) and 12h/12h dark/light regime. There were not enough seeds from the other populations. We placed 25 spikelets on filter paper in Petri dishes and moistened with distilled water. Each treatment was replicated four times.
We carried out a pot experiment in 2008 to test the effect of soil Cu concentration on germination. We collected contaminated soil from the botanic garden (Total Cu Concentration: 168 µg g-1) and added Cu using CuSO4.5H2O (Merck, 98% suprapur, Merck, Réf. 102790). Concentrated spikelets collected in April 2008 from the three sites and stored for ten months were seeded (25/pot) on a gradient of Cu concentration in local soil: 0, 500, 1000, 2000, 4000 µg g-1. Each treatment was replicated ten times.
Data from spikelet concentration and effect of dry storage on germination were analyzed using a one-way ANOVA. A nested ANOVA was used to analyze data from the proportion of spikelets containing a fully developed caryopsis in collection (sites and individuals within sites) while a factorial design was used for the pot experiment (accession and Cu concentration as factors). LSD post-hoc test was used to compare pairs of means when ANOVA shows a significant difference. All data were arcsine transformed before analyses.
Our results showed a very high proportion of sterile spikelets from all three natural populations. The proportion of heavy spikelets ranged from 4.6 ± 0.6 to 23.2 ± 2.3 % in weight (Figure 1 ) with 99 % (740/750) of concentrated spikelets containing a fully developed caryopsis vs. 0 % for light spikelets. Proportion of heavy spikelets was significantly higher (F = 28.2, p<0.001) in January (20-23%) compared to April and July (< 15%).
In the collection, we found 518 spikelets containing a fully developed caryopsis representing 1.6 % (518/31,800) of all collected spikelets (Table 1 ). The proportion of spikelets containing a caryopsis ranged from 0 to 5.7 % with no significant difference among populations (F = 1.3, p >0.05) and among individuals in each accession (F = 0.9, p > 0.05).
The reason for the high proportion of sterile spikelets in the three populations was not clear. Sterile spikelets may be a consequence of the tolerance to TMs toxicity in soil. Indeed, TMs tolerance in plants incurs some physiological cost (Wilson 1988 , Ernst 2006 ) and sexual reproduction may be more negatively affected than vegetative growth (Dechamps et al. 2008) . It could also be the result of an innate default of reproduction structure (Teng et al. 2006) . Nevertheless, the proportion of heavy seeds varied among dispersal periods which might indicate variation in reproductive allocation depending on climate. Indeed, the higher proportion of heavy spikelets occurred in January, corresponding to the peak of water availability (mid rainy season). Our failure to detect significant variation among maternal lines in the collection is not encouraging since it may indicate that there are only limited sources of genetic variation for spikelet fertility in our materials, which may seriously hamper artificial selection. However, results must be taken with caution since these observations have not been replicated over different years. Further studies should also examine variation of this proportion across a more extensive collection of populations including populations occurring on normal soil in eastern and southern Africa.
Seed concentration appears to be crucial to enhance germination of toothbrush grass since there is no deep dormancy involved. In fact, one month old spikelets had by far the lowest germination rate (< 35 %) compared to all longer storage durations (5, 10, 13 and 15 months: > 70 %) (results not shown). This points to an afterripening requirement, a well-known adaptive strategy in climates with a long dry season (Allen et al. 1995 , Goodwin et al. 1995 , Baskin and Baskin 1998 , Visser 2001 . However, the loss of seed viability during storage should be further investigated as germination capacity had been lost after two years in our study conditions.
• 243 DR Congo) is gratefully acknowledged for the financial support to Mylor Ngoy Shutcha. Cu concentration of 4000 µg g-1 completely inhibited germination (Figure 2 ). Nevertheless, we find suitable and higher germination percentage with Cu concentration 500 to 2000 µg g-1 compared to the control (Cu concentration: F3,108 = 8.2, p < 0.001) (Figure 2 ). Seedlings survived until the end of the experiment. This result demonstrates the high Cu tolerance of toothbrush grass as reported in previous studies ) and indicates the possibility of seeding toothbrush grass spikelets on Cucontaminated soil in Katanga. Indeed, available Cu concentration ranges from 780 to 2500 mg kg-1 in bare soil from 'Gécamines/Penga Penga' contaminated by atmospheric fallout from the Cu smelter of Lubumbashi (Shutcha, unpublished data) .
In practice, our results show the importance of seed cleaning before seeding toothbrush grass spikelets in the phytostabilization of bare contaminated soils by TMs in Lubumbashi. Indeed, this procedure is important to ensure higher germination through a higher proportion of spikelets filled with a caryopsis. We need to find a simple cleaning protocol, adapted to local conditions where no seed cleaning equipment is available. Meanwhile, we have to determine the optimal seeding density of unconcentrated spikelets to ensure suitable germination. Based on our results (Table 1) , 100 unconcentrated spikelets are necessary to ensure at least the emergence of one individual per m2. S mooth cordgrass (Spartina alterniflora) is commonly used in wetland management projects throughout the United States. It is a perennial grass native to intertidal saline marshes along the Atlantic and Gulf of Mexico coasts (Godfrey and Wooten 1979) that decreases coastal erosion by reducing wave energy and accumulating suspended sediments (Redfield 1972 , Nepf 1999 . Reducing coastal erosion is essential in Louisiana, because it has the highest rate of coastal erosion in the continental United States (Couvillion et al. 2011) . To reduce coastal erosion and protect coastal habitats, communities, and industries, numerous wetland management projects are completed each year. Projects range from reintroduction of native plants in deteriorated coastal areas to wetland construction in deteriorated areas or areas that have entirely eroded to open water.
Vegetative propagation of smooth cordgrass is common in Louisiana. Most federal and state restoration projects in Louisiana require 'Vermilion' smooth cordgrass variety because it is known to survive and perform well based upon scientific evaluations and successful use in restoration projects (Fine and Thomassie 2000) . Requiring nursery grown Vermilion also eliminates the need to harvest smooth cordgrass material from natural marsh environments, which can cause additional erosion due to reduced stem densities and physical disruptions caused by foot and boat traffic and removal of plant and soil material (DeLaune et al. 1994 , Nepf 1999 , Kirwan et al. 2008 , Bouma et al. 2009 ). Efficient and economical methods to produce smooth cordgrass in freshwater plant production nurseries are essential to provide large numbers of plants for wetland management projects. Management of previous years' plant stubble is one practice that could greatly increase the efficiency of smooth cordgrass plant production nurseries. Stubble removed by burning or mowing is known to increase plant and seed yields in perennial crops (Thompson and Clark 1989 , Young et al. 1998 , Cuomo et al. 1999 , Meints et al. 2001 , Bueno et al. 2007 ) and could also increase stem yields of aquatic plants, such as smooth cordgrass. The objective of this study was to determine smooth cordgrass yields in freshwater production ponds when plant stubble was burned or mowed.
In 2006 we transplanted smooth cordgrass plants to two 50 m × 30 m freshwater ponds with 0.6 m levees in Baton Rouge, LA. Ponds were flooded with 0.2 m of water and periodically drained to simulate tidal conditions. On January 23, 2009 and February 19, 2010 , one half of each pond (50 m × 14 m) was burned and one fourth of each pond (50 m × 7 m) was mechanically mowed to remove previous years' stubble; the remaining one fourth of the pond was undisturbed to serve as the untreated control. A one meter wide pathway between each treatment area was mechanically maintained as a non-vegetated walkway within each pond. In 2010, stubble removal was delayed one month because of significant precipitation; between December 2009 and January 2010 more than 44 cm of precipitation occurred, while less than 24 cm precipitation occurred between December 2008 and January 2009.
Number of stems and tillers in a 625 cm2 quadrat and stem diameter of five plants were measured every four weeks for nine months. Stems were defined as growth greater than 10 cm tall while tillers were defined as new growth less than 10 cm tall. Stem diameter was measured 5 cm above the soil surface with digital calipers. A total of 51 quadrats, 17 quadrats per treatment, were measured. Thirteen quadrats per treatment were measured in one pond because location of plants transplanted in 2006 could be determined. Four quadrats per treatment were measured in the second pond because location of original plants could not be determined. Fresh weight of aboveground biomass was measured nine months after stubble removal by harvesting stems from 625 cm2 quadrats and immediately measuring weight. Number of stems and tillers and stem diameter data were analyzed with Analyses of Variance as repeated measures (PROC MIXED, SAS Institute version 9.1.3). Biomass data were analyzed with Analysis of Variance as completely random design (PROC MIXED, SAS Institute version 9.1.3). Stubble removal treatment was considered a fixed effect while year and pond were considered random. Significant treatment by evaluation date interactions were detected for total number of stems and tillers; therefore data were analyzed separately for each evaluation date. LSMEANS were separated using pdmix800 at p < 0.05 level (Saxton 1998). Percentage increase of number of stems, number of tillers, stem diameter, and fresh weight, when treatments were compared to control, was calculated as: ((x t -x c ) -1) × 100, where x t = average of treatment t and x c = average of control treatment.
We found more smooth cordgrass stems were produced four, eight, and nine months after stubble was mowed than when stubble was not removed (Table 1) . More tillers were produced three months after stubble was burned or mowed; five months after stubble was burned; and eight
